Abstract The application of organic materials with wide carbon-to-nitrogen (C-to-N) ratios is known to cause initial immobilization of nutrients, unless N fertilizers are applied. In Sub-Saharan Africa, regular application of mineral fertilizers with organic residues is seldom practiced due to several socioeconomic constraints. In the present study, we assessed the biomass qualities of Zea mays, Tithonia diversifolia and Vicia faba and evaluated whether delayed decomposition and nutrient release of low quality residues will improve when mixed with high quality residues. Our hypothesis was that high quality organic residues have high N supply capabilities to improve decomposition and nutrient release of low quality materials when mixed together. Compared with V. faba and T. diversifolia biomasses, Z. mays residue was found to be relatively poor in quality as a result of its relatively low N concentration (10.8 g/kg) and wider C-to-N ratio (37.2:1). The assessment on biomass quality was consistent with the results on decomposition. After one week, 42 % of Z. mays residues had decomposed compared with more than 90 % of T. diversifolia and V. faba residues. Further, the decomposition and N release rate of Z. mays tripled when mixed with either T. diversifolia or V. faba biomass. In this study, the initial N, C, lignin, C-to-N ratio, lignin-to-N ratio and (lignin ? polyphenol)/N ratio of the residues were useful indicators of degradability and nutrient release based on significant (P \ 0.005) correlations. The study found that mixing Z. mays residue with either T. diversifolia or V. faba green biomass improved the N composition and C-to-N ratio of the mixture, which accounted for the improved decomposition and nutrient release rates of Z. mays residues in the mixture compared with sole Z. mays treatment. Our study therefore suggested that in places where inorganic fertilizers are limited, T. diversifolia and V. faba residues could be viable sources of N for improved decomposition and nutrient release of low quality residues.
Introduction
For many years, low-input agricultural technologies such as short duration planted tree fallows and green manuring with tree or crop residues have been demonstrated to offer a costeffective mechanism for increasing crop yields [17, 28, 36] . Despite experimental evidence that the application of organic materials improve overall soil fertility and crop yields [2, 16, 22] , the selection of appropriate plant materials for soil fertility improvement and maintenance remains a major challenge in low-input agricultural systems [12] . Palm et al. [31] developed a decision support system for organic residue use and management in agroecosystems. According to this decision support system, high quality organic residues ([2.5 % nitrogen (N);\15 % lignin;\4 % polyphenol) can be solely incorporated into soils with no N fertilizer additions, whist intermediate and less quality organic residues have been proposed to be applied in combination with N fertilizers [6, 31] . The application of organic materials with wide carbon-to-nitrogen (C-to-N) ratios is known to cause initial immobilization of nutrients, which is overcome through the application of N fertilizers [3, 35] . In Sub-Saharan Africa, low and intermediate quality organic resources are more abundant in smallholder agriculture than high quality organic resources [13] . Like most parts of the tropics, maize (Zea mays) residues are among the most common intermediate quality organic resources in Sub-Saharan Africa, which although potential in soil management practices, are often, burnt before cropping. Although poor in quality due to relatively low N concentrations and wide C-to-N ratio, maize residues and N fertilizer combinations have shown tremendous positive influence on soil fertility and crop yields [27, 37, 40] . Whilst this practice remains a viable option for putting maize residues to judicious use in soil management practices, regular application of mineral fertilizers with organic residues are too seldom practiced [23, 24] in the region due to several socioeconomic constraints.
In the tropics, wide ranges of experiments and scholarly reports have confirmed that the nitrogen supply capabilities of the green manures of the Mexican sunflower (Tithonia diversifolia) and faba bean (Vicia faba) are comparable to that of inorganic fertilizers [19, 29, 32] . Contrary to maize residues, these high quality organic materials may be able to supply high amount of N at the early stages of crop growth, but for their short half-lives (in terms of decomposition and nutrient release) may only contribute a little to long-term maintenance of soil organic matter and soil fertility [14] . Furthermore, the harvesting of large quantities of high quality organic residues from adjacent cropping fields could have huge economic implications which could be minimized if the interaction between low quality crop residues and available high quality organic resources are found to be successful in cropping fields. In most smallholder agroecosystems where production is hugely dependent on organic matter in the soil, mixing organic materials of different qualities should be one viable soil management option to improve soil fertility and nutrient synchrony. The objective of our study was to assess the biomass qualities of Z. mays, V. faba and T. diversifolia and determine whether delayed decomposition and nutrient release of low quality residues will improve when mixed with high quality residues. Our hypothesis was that like inorganic N fertilizers, high quality organic residues have high N supply capabilities to improve decomposition and nutrient release of low quality materials.
Materials and Methods

Plant residue Characterization
Plant materials used in the study were the green biomasses of V. faba, T. diversifolia and Z. mays residues. Prior to the experiment, the aboveground portions of the plant materials were characterized for quality parameters. The plant materials were oven dried at 65°C till constant weight, grounded with a pestle and mortar and sieved to 0.5-mm size. The sieved plant materials were analysed for total N, P, K, Ca, Mg, C, lignin and polyphenols in four replicates. The plant materials were either analysed solely or in a mixture (i.e. Z. mays ? T. diversifolia; and Z. mays ? V. faba in a 1:1 w/w ratio). Nitrogen and C were determined simultaneously by dry combustion using LECO TruSpec TM CN autoanalyzer (LECO Corporation). Total K, Ca and Mg were determined by the dry ashing and atomic absorption spectrophotometry method as described by Eneji et al. [8] and Motsara and Roy [26] . Phosphorus was also determined in an ash solution by the ammonium phosphomolybdate method [26] , whilst lignin was determined according to the acid detergent fiber method [39] . Polyphenols were determined by the method described by Gachengo et al. [10] .
Experimental Procedure, Design and Sampling
The decomposition study was carried out using the aboveground portions of V. faba (Vf), T. diversifolia (Td) and Z. mays (M) either as sole or mixed treatments (Vf ? M; and Td ? M). The total aboveground biomasses of the plants equivalent to 20 g on a dry weight basis for both sole and mixed treatments were collected and placed in a 20 9 20 cm rigid nylon litterbag of 1.5-mm mesh size. For mixed treatments, plant residues were mixed in a 1:1 ratio (w/w) [i.e. Vf (10 g) ? M (10 g) and Td (10 g) ? M (10 g)]. Litterbags were buried horizontally within 10 cm in trays filled with 2-mm sieved sandy-loam soil and arranged in a complete randomized design in five replications. Some properties of the soil used were pH (6.7), Total N (1.2 g/kg), organic C (13.8 g/kg), cation exchange capacity (6.5 cmol c /kg), available P (2.4 mg/kg), Clay (5 g/kg), Sand (604 g/kg) and Silt (352 g/kg). The trays with litterbags were kept at 28°C under glasshouse conditions. Moisture was kept at 55 % of the dry weight of the soil and monitored using soil moisture metres (3 in 1 Hydroponic Soil Moisture Light PH Meter Analyzer). At one, two, four, eight and 12 weeks of decomposition, five litterbags (representing five replicates) per treatment were randomly selected from the trays to follow dry matter and nutrient losses. Plant materials remaining in the litterbags at each sampling time were separated from soil and organic debris by hand and oven dried at 65°C to constant weight. In order to correct for contamination by the mineral soil, samples were ashed at 500°C for 4 h. The difference between the dry weight of the decomposition materials and their ash contents was taken as the ash-free dry weight. Subsamples of the initial plant materials (at time 0) and plant materials remaining at each sampling time were analysed for nutrient concentrations by the analytical procedures described above.
Mathematical Calculations and Statistical Analysis
The amount of nutrients remaining in the litterbags at each sampling time was determined by multiplying the ash-free dry weight of the mass of plant material remaining by their nutrient concentrations. The percent of dry weight and nutrient remaining at each sampling time was calculated using the relation
where M R is the percent nutrient or quantity of plant material remaining, Mt is the amount of plant material or nutrient remaining at each sampling time and Mo is the initial weight of plant material or nutrient concentration. The single three-parameter exponential model [43] was used to determine the decomposition and nutrient release rate constant (k). The general form of the model was
where Y is the percent of initial material or nutrient remaining at sampling time t, D o is the recalcitrant pool fraction and D i is the difference 100-D o . Half-life (t 1/2 ), the time (in days) when 50 % of plant materials had decomposed or 50 % of nutrients had released, was calculated using the relation
where k is the decomposition or nutrient release rate obtained from Eq. 2. Differences in data collected on the dry weight and nutrient remaining (on ash-free basis) among treatments were tested by means of Analysis of Variance (ANOVA) test. Where ANOVA test was significant, Tukey's post Hoc test (at 5 % probability level) was used to determine where the differences exist among the means of the treatments. Percent dry weight and nutrient remaining (on ash-free basis) were regressed on time using nonlinear regression models. In addition, correlation and regression analysis were used to demonstrate the relationship between residue chemistry, decomposition and nutrient release rates. All statistical analyses were conducted using GENSTAT 11 [41] .
Results
Chemical Characteristics of Plant Residues
Differences in chemical composition were apparent among treatments (Table 1) . Nitrogen concentration was the highest in V. faba resulting in a significantly lowest C-to-N ratio (P \ 0.05). Combining Z. mays residue to either T. diversifolia or V. faba residues altered their chemical compositions with N levels falling to about 43 % in mixed V. faba ? Z. mays relative to sole V. faba. Meanwhile, nitrogen levels in mixed treatments were more than twice that measured in sole Z. mays treatments. In addition, the high N concentration in mixed treatments resulted in a significantly low carbon-to-nitrogen ratio compared to sole Z. mays. T. diversifolia showed the greatest concentrations of P, Mg and K, whilst V. faba showed the greatest concentration of Ca. Lignin composition ranged from 41 g/kg in V. faba to 58 g/kg in T. diversifolia, whilst polyphenolic concentration increased in the order Z. mays \ V. faba ? Z. mays \ T. diversifolia ? Z. mays \ V. faba \ T. diversifolia.
Decomposition Dynamics
The decomposition dynamics of all plant materials followed an exponential pattern with a significant (P \ 0.001) nonlinear relationship between rate of decomposition and time (Table 2) . ANOVA test confirmed significant (P \ 0.001) effect of plant material type on decomposition rate (k D week -1 ). Except in Z. mays, all plant materials recorded their highest dry weight losses during the first week of the experiment (Fig. 1) . Percent dry weight remaining after the first week ranged from 9 % in V. faba ? Z. mays treatment to 58 % in sole Z. mays treatment. Throughout the study period, k D week -1 was found to be significantly (P \ 0.05) highest in V. faba ? Z. mays (Table 3) . Whilst all treatments showed a biphasic decomposition pattern, Z. mays generally showed a steady and uniform increase in decomposition through time. Relative to sole V. faba and sole Z. mays, decomposition rates increased significantly (P \ 0.05) with the addition of the two (V. faba ? Z. mays) residues. In the first week alone, the k D week -1 of mixed V. faba ? Z. mays was 26 % and 77 % higher than sole V. faba and sole Z. mays, respectively. Meanwhile, decomposition rates were comparable between sole V. faba and sole Z. mays after the fourth week. Between mixed T. diversifolia ? Z. mays and sole Z. mays, significant (P \ 0.05) differences in k D week -1 occurred only in the first week (Table 3 ). Contrary to the observations made between mixed V. faba ? Z. mays and sole V. faba treatments, the addition of Z. mays to T. diversifolia reduced decomposition rates after the second week relative to sole T. diversifolia. However, k D week -1 was stabilized between sole Z. mays and mixed T. diversifolia ? Z. mays after the first week. Generally, k D week -1 as revealed by the predictive nonlinear models was higher in mixed treatments compared to their corresponding sole treatments ( Table 2 ). The models also showed the half-life of sole Z. mays treatment to be less than one-third of that recorded for mixed Z. mays and either T. diversifolia or V. faba treatments.
Nutrient Release Dynamics
The nutrient release dynamics of all plant materials followed an exponential pattern ( Fig. 2 ) with a significant (P \ 0.05) nonlinear relationship between nutrient (N, P, K, Ca, Mg) release rate and time (Table 4) . ANOVA test also confirmed significant (P \ 0.001) effect of plant material type on N, P, K, Ca and Mg release rates ( Table 5 ). The highest nitrogen loss in all plant materials occurred during the first week of decomposition with nitrogen release rate (k N week -1 ) ranging from 0.88 in Z. mays to 3.17 in sole V. faba (Table 5 ). Nitrogen release rate in sole Z. mays was significantly lowest throughout the study period. Significant differences in k N week -1 between sole V. faba and mixed V. faba ? Z. mays occurred at weeks 8 and 12. Similarly, sole T. diversifolia and mixed T. diversifolia ? Z. mays recorded comparable k N week -1 during the first four weeks of decomposition with significant (P \ 0.05) differences occurring at weeks 8 and 12. As observed between sole V. faba and sole T. diversifolia treatments, comparable k N week -1 was recorded between mixed V. faba ? Z. mays and mixed T. diversifolia ? Z. mays treatments on the fourth week of the experiment. Except in sole Z. mays, nitrogen was the fast released nutrient in all plant materials (Table 6) . Within each treatment, N loss constant was greater than mass loss.
Phosphorus release pattern was related to the decomposition and nitrogen release patterns of the plant materials. For most treatments, the highest phosphorus release rate (k P week -1 ) occurred during the first week of the Td T. diversifolia, Vf V. faba, M Z. mays, SE standard error, N = 20 experiment. Phosphorus loss during the first week ranged from 24 % in sole Z. mays to 82.5 % in mixed T. diversifolia ? Z. mays (Fig. 2) . Meanwhile, the highest k P week -1 in mixed V. faba ? Z. mays occurred on the 2nd week of decomposition. Phosphorus release rate was significantly (P \ 0.05) the lowest in sole Z. mays throughout the decomposition period. Between sole T. diversifolia and mixed T. diversifolia ? Z. mays, significant differences in k P week -1 occurred on the 2nd, 8th and 12th week of the experiment, whereas significant differences between sole V. faba and V. faba ? Z. mays occurred throughout the experimental period. Meanwhile, the k P week -1 of sole T. diversifolia and sole V. faba treatments were comparable until after the fourth week, the k P week -1 between the mixed treatments were significantly (P \ 0.05) different at weeks 1 and 4. Furthermore, P was the slowest released nutrient in sole V. faba and mixed V. faba ? Z. mays treatments ( Table 6 ).
The dynamic pattern of potassium during decomposition differed among treatments. Most treatments recorded their highest potassium release rates (k K week -1 ) after the first two weeks of decomposition. During the first week, k K week -1 was significantly (P \ 0.05) the greatest in V. faba ? Z. mays with 94 % K losses. During the same period, K retention was 79 and 80 % in the decomposing Z. mays treatments, significant (P \ 0.05) differences in k K week -1 occurred on weeks 1, 4 and 12, whereas k K week -1 in T. diversifolia ? Z. mays and sole T. diversifolia were significantly (P \ 0.05) different only on the 4 th week of decomposition. In addition, sole Z. mays and sole T. diversifolia recorded comparable k K week -1 in most of the decomposition period. Between sole T. diversifolia and sole V. faba, significant differences in k K week -1 occurred throughout the decomposition period. A similar observation was recorded between the mixed treatments (V. faba ? Z. mays and T. diversifolia ? Z. mays).
Among all the plant nutrients, Ca was the fastest release element in sole Z. mays. Unlike N and P, there was high retention of Ca in the decomposing matter of most of the treatments even in the first week. Calcium losses during the first week of decomposition ranged from 10 % in sole T. diversifolia to 68 % in sole Z. mays. Generally, Ca release rate (k Ca week -1 ) as revealed by the nonlinear models was significantly (P \ 0.05) the highest in sole V. faba and the lowest in sole T. diversifolia. Moreover, all plant materials showed slow release of Mg during the first week of decomposition except in sole V. faba and mixed V. faba ? Z. mays treatments. Magnesium losses in the first week ranged from 84 % in V. faba ? Z. mays to only 7 % in sole T. diversifolia treatments. Magnesium was the slowest released element among the nutrients investigated. Averagely, magnesium release rate (k Mg week -1 ) was about one-third that of nitrogen. Meanwhile, k Mg week -1 was comparable between sole Z. mays and mixed T. diversifolia ? Z. mays treatments. Furthermore, carbon mineralization pattern was closely related to the decomposition and N release patterns with the highest C losses occurring during the first week of the experiment. At the end of the first week, C losses ranged from approximately 66 % in sole Z. mays to 97 % in sole V. faba treatments. As revealed by the nonlinear models, C release rate (k C week -1 ) followed the increasing order: Z. mays \ T. diversifolia ? Z. mays \ T. diversifolia \ V. faba ? Z. mays \ V. faba. In addition, the results showed k C week -1 for all treatments greater than decomposition rates.
Discussion
Understanding the interactive effects of organic residues of differing chemistries on decomposition and nutrient release rates is important [5, 31, 32] and provides significant insinuations for improving nutrient synchronization in organically managed agroecosystems. In the present study, we assessed the biomass qualities of Z. mays, T. diversifolia and V. faba and evaluated how the interaction between Z. mays and T. diversifolia or V. faba could influence their decomposition and nutrient release patterns. The assessment on biomass quality found Z. mays residues to be relatively poor in quality as a result of its relatively low N concentration and wider C-to-N ratio. Nitrogen and C-to-N ratio values obtained in this study are not far from reports from previous investigations [33, 37, 40] . With regards to this chemical composition, applying Z. mays residues as an organic fertilizer could potentially result in net N immobilization unless N fertilizers are added [5] . Meanwhile, the levels of N and C-to-N in V. faba and T. diversifolia were found to be high and within recommended levels for organic fertilization as reported by Palm et al. [31] . Whilst the biochemical characteristics of plant materials can differ considerably, depending on plant species, sources of nitrogen applied, stage of plant growth and edaphic and climatic conditions [44] , the high N and low C-to-N ratio in T. diversifolia and V. faba are similarly reported [10, 18, 32] . Although mixed residues had equal Table 7 Linear correlation coefficients (r) for the regression between initial chemistry of the plant materials and decomposition and nutrient release (N and P) rates proportions of separate components, their chemical concentrations were hugely altered and not typical of what could be potentially predicted in theory as described by Gartner and Cardon [11] . Meanwhile, N levels were comparatively lower in mixed residues than sole T. diversifolia and sole V. faba treatments although within recommended levels for green manuring [31] . The reduced N levels in mixed treatments can be attributed to the presence of the Z. mays residues with relatively low N concentration.
The results of our study demonstrated significant differences in decomposition and nutrient release rates between sole and mixed organic residues. Although some authors have contested about the applicability of using rates constants obtained from the single exponential model in describing best fitted decomposition and nutrient release patterns of plant materials [9, 43] , the high R 2 values obtained from this study makes the single exponential model seem applicable. Among treatments, statistical comparisons revealed significantly (P \ 0.05) the greatest decomposition rate in V. faba ? Z. mays treatments. With the exception of sole Z. mays, all treatments recorded halflives within a week. Whilst similar studies are rare for comparison, rapid decomposition and nutrient release patterns of T. diversifolia are similarly reported [10, 18, 32] . Comparatively, the decomposition rates of sole V. faba and sole Z. mays were considerably lower than mixed V. faba ? Z. mays. In the first week alone, the decomposition rate of V. faba ? Z. mays was four times higher than sole Z. mays treatments. Assuming that the decomposition rate of a single plant residue in a mixture with other residues is a fraction of the decomposition rate of the total mixture [11] then the observations supports the idea that adding Z. mays residue to V. faba could substantially improve decomposition rates of Z. mays. With high decomposition rates also recorded in mixed T. diversifolia ? Z. mays treatments, the study revealed that adding Z. mays to T. diversifolia could improve the decomposition rate of Z. mays three times higher than that recorded for sole Z. mays. The results on decomposition were also consistent with the nutrient release patterns observed. Except in the case of Ca, the results of the study confirmed that mixing V. faba or T. diversifolia with Z. mays could substantially alleviate delayed nutrient release rates in Z. mays (Table 6 ). Although investigations in decomposer abundance and community composition were not covered in our research, we in part attribute the significant differences in decomposition and nutrient release patterns between the sole and mixed plant residues to the development of different decomposer communities on plant materials based on their intrinsic properties [7] . Recent and earlier investigations have confirmed that mixing leaves from species with varying chemical composition and qualities changes the chemical environment and physically alters the total litter surface where decomposition is occurring [11, 20] . These alterations are noted to affect decomposer abundance and activity [11, 15, 42] , which can significantly vary the decomposition and nutrient release patterns of sole and mixed plant residues. Among the cations (K, Ca and Mg), potassium recorded the fastest release rate. Potassium release rate was found to be inconsistent with the results on decomposition, which supports the assertion by Bhupinderpal-Singh and Rengel [3] that leaching is the primary process influencing K losses. According to BhupinderpalSingh and Rengel [3] , potassium is not present in plant tissues in organic structures; therefore, its release from residues is not dependent on residue decomposition. Furthermore, the study confirmed that the decomposition and nutrient release rates of the plant materials were dependent on their chemistry ( Table 7 ). The role of chemical composition in organic matter decomposition and nutrient release is well documented [1, 5, 21, 38] and has been shown to be more influential than climatic factors [25, 30] . In this study, initial N, C, lignin, C-to-N ratio, lignin-to-N ratio and (lignin ? polyphenol)/N ratio were useful indicators in predicting the degradability of the organic materials investigated (Table 7 ). In addition, the study found significant relationships between k N week -1 and initial N (r = 0.87, P \ 0.01), C (r = 0.79, P \ 0.001), lignin (r = -0.77, P \ 0.001), C-to-N ratio (r = -0.88, P \ 0.001), C-to-P ratio (r = 0.46, P \ 0.05), lignin-to-N ratio (r = -0.91, P \ 0.001) and (lignin ? polyphenol)/N ratio (r = -0.94, P \ 0.001). These significant correlations are consistent with the reports of several authors [3, 4, 34] and provide relevant insinuations for organic resource management in tropical agroecosystems.
Conclusions
For the production systems that hugely depend on organic matter, the results of this study provide significant information for organic residue use and management. Compared with V. faba and T. diversifolia biomasses, the study found Z. mays residue to be of low quality based on its chemical composition and relatively low decomposition and nutrient release rates. The biomass quality of Z. mays provided a reasonable premise to assume that the application of Z. mays residues on soils could induce N immobilization unless applied together with N fertilizers. Given that resource poor farmers have huge challenges meeting the fertilizer requirements on farmlands, we conducted our decomposition study on the hypothesis that like N fertilizers, the N supply capabilities of high quality organic resources (in this case, V. faba and T. diversifolia residues) could enable them improve the decomposition and nutrient release rates of Z. mays when mixed together. It was evident from the results that the decomposition and nutrient release of low organic residues will significantly improve when mixed with high quality organic residues. In this study, the decomposition and N release rate of Z. mays tripled when mixed with either T. diversifolia or V. faba biomass. The results showed that mixing Z. mays residue with either T. diversifolia or V. faba green biomass improved the N composition and C-to-N ratio of the mixture, which accounted for the improved decomposition and nutrient release rates of Z. mays residues in the mixture compared with sole Z. mays treatment. We therefore suggested that in places where inorganic fertilizers are limited, T. diversifolia and V. faba residues could be viable sources of N for improved decomposition and nutrient release of low quality residues. Whilst the results of our study confirmed improved decomposition and nutrient release rates of a low quality organic residue when mixed with a high quality residue, it was limited in demonstrating how much of the nutrients released could be available in soil. The study was also limited in demonstrating the implications of accelerated decomposition on long-term build up of soil fertility. Further studies could therefore tackle the effects of organic residue quality and N release patterns on soil fertility indicators and agronomic efficiency.
